INTRODUCTION
The organophosphorus compounds constitute a group of which many are of economic or military significance (Heath, 1961; Hart & O'Brien, 1974) . The usefulness of these compounds as insecticides and their threat as chemical weapons arises from their ability to irreversibly inhibit acetylcholinesterase (acetylcholine acetylhydrolase, EC 3.1.1.7). The inhibition is an example of complexing competitive inhibition (Lin & Tsou, 1986) and is described as follows:
EH + IX EH *IX El + HX EH + IOH + HX k-1 H20 (1) where EH is the enzyme and IX the inhibitor. Inhibition proceeds by the reversible formation of an enzymeinhibitor complex (EH IX) followed by formation of the enzyme-phosphorus bond with displacement of the leaving group (X). The reaction may be described by the dissociation constant (K.C = k1l/k+1), the unimolecular rate constant k+2 and the re-activation rate constant k+3. For many inhibitors k3 is much smaller than k+2 and the reaction is observed to be irreversible over the time course of most experimental studies. The overall inhibitory power is usually expressed as k, = k+l2/Kd.
When the inhibition is studied by adding the enzyme to a mixture of substrate and inhibitor and monitoring product (P) formation with time, the progressive inhibition curve is described by the following equations (Tsou, 1965a,b; Duggleby et al., 1982) :
[P] = vo -(1-e-k't)/k' (Lin & Tsou, 1986) :
where [P] (Tsou, 1965a,b) :
Ak+2Ka (Hart & O'Brien, 1973; Horton et al., 1977) . First Kd is determined from the velocity of a control reaction in the absence of inhibitor (v,) and the rate at t = 0 in the presence of inhibitor (v0) Hart & O'Brien (1973) and Forsberg & Puu (1984) used tangents drawn by hand to calculate v. This is an inaccurate method of obtaining the reaction velocity. Horton et al. (1977) used polynomial fitting to obtain the velocities. However, although this method is less subjective than drawing tangents by hand, polynomial fitting is also subject to error, especially at t = 0, where the polynomial is ill-defined (Cornish-Rowden, 1975) . After obtaining the value of v, a secondary plot of ln v versus t is required to obtain A(lnv)/At-and subsequent calculations or plots to obtain k+2 and K,, (Hart & O'Brien, 1973 , 1974 Horton et al., 1977; Forsberg & Puu, 1984) . The Apparent-Rate-Constant Method also requires two manipulations of the data to obtain the inhibition constants (Lin & Tsou, 1986 Lin & Tsou (1986) , imposes the inconvenience of having to allow the reaction to proceed until [P]OO can be determined accurately.
The three methods described above all suffer from some deficiencies. The double handling of the data is time-consuming and may introduce errors. Several of the formulae are error-prone, as are the use of doublereciprocal plots and polynomial fitting (Cornish-Bowden, 1975 , 1976 . Further, Brooks & Suelter (1986) have described graphical analysis as giving a false impression of the accuracy of the data, providing no information about the precisi-on of the estimated parameters and allowing bias in the weighting of data points.
It is important, especially if results from different laboratories are to be compared (Horton et al., 1977; Forsberg & Puu, 1984; Gray & Dawson, 1987) , that the most reliable method be used. The availability of cheap computers and reliable software may provide such a method.
In the present paper the method of non-linearregression analysis is applied to the determination of Kd and k+2 from data for irreversible enzyme inhibition. The three methods described above and an additional method that enables the calculation of K,, and k+2 directly from the data are compared. The results suggest an optimal method for the determination of those parameters.
METHODS

Generation of progress curves
Theoretical progressive inhibition curves were calculated by using eqns. (7) and (8).
[P]OO was calculated as follows (Tsou, 1965a,b; Tian & Tsou, 1982) :
The value of [P] was determined at equally spaced values of t. The total reaction time was the time required for the reaction to reach a specified degree of completion (fraction of [P]OO). The true values of A and A(lnv)/At were calculated by using the appropriate equations. Simulated experimental errors proportional to the value of [P] were incorporated by multiplication by a number chosen at random from a normal distribution with a mean of 1 and a specified standard deviation. The random numbers were generated by computer using a routine from the NAG library based on the algorithm of Brent (1974) . Ten replicates were calculated for each condition examined.
A family of progress curves was calculated by using the inhibition constants determined by Forsberg & Puu (1984) for soman. The inhibitor concentration ranged from 0.01 K, to 1.0 Kd. Vmax (2.5X lo-' M s-1) was chosen so that when the inhibition reaction was allowed to proceed to 950 completion with the lowest inhibitor concentration no more than 100% of the substrate was hydrolysed. The Km for the substrate p-nitrophenyl acetate (4.52 x 10-3 M) was that determined by Horton et al. (1977) and the substrate concentration (1 mM) is the concentration commonly used (Horton et al., 1977; Forsberg & Puu, 1984) .
Product concentrations were determined at equally spaced times and rounded to three significant places. The following assumptions were made: (1) the independent variable (time) was error-free; (2) the residual rate at infinite time was zero; (3) the product concentration at t = 0 was zero. Analysis of inhibition data Analysis of the data was performed by using the nonlinear-regression program of Duggleby (1984) . This is a general non-linear-regression program capable of fitting any equation to a set of experimental data. The program is based on a modification of Marquardt's (1963) algorithm, and is written in BASIC. A copy of the program and a user's manual are available on request from R. G. D.
The apparent rate constant (A) was determined by fitting eqn. (7) to the data, and vo and A(lnv)/At were determined by fitting eqn. (3). A(ln v)/At is equivalent to k'. Kd and k+2 were then calculated by using the appropriate equations described in the Introduction.
In addition to these methods, two additional procedures were used, as follows.
Direct Method 1. This method involved directly fitting eqns. (7) and (8) to each individual progress curve. In this way the values of K, and k+2 were determined without any secondary calculations or plots. There was one independent variable (time) and one dependent variable ([P).
Direct Method 2. Alternatively, eqns. (7) and (8) may be fitted to a family of progress curves simultaneously. In this case two independent variables (time and [IX]) and one dependent variable ([P]) were used.
The results are described in terms of their 'accuracy' and 'variability'. Accuracy is measured by the difference between the true value of a parameter and the mean value determined from the simulations. Variability is expressed as the standard deviation. Fig. 1 shows the family of progress curves used in the study. For the purpose of illustration, the curves are truncated at the time for which the inhibition reaction for an inhibitor concentration of 1.00K, is 95 % complete, although the actual data used covered 9500 of the reaction for all inhibitor concentrations.
RESULTS
Preliminary studies were carried out with perfect data rounded to three significant places. In order to avoid the errors inherent in manual manipulation of the data and polynomial curve-fitting, the parameters required for the Double-Reciprocal Method, the Apparent-Rate-Con- Method 1 increased rapidly from < 0.1 % at L.OK,, to 13.7 % and 12.1 % respectively at 0.02K0. At 0.01Kd the software failed to converge to a solution. Inhibitor concentrations of O.lK, or above were required for the differences to fall below 1 %.
Simulated experimental errors with a standard Direct Method 2 therefore produced the best estimates of k+2 and K, required the least manipulation of the data and performed well with as few as ten data points and as little as 500 of the reaction complete.
